FXS (Fragile X syndrome) is the most common genetically inherited form of cognitive impairment. The predominant cause of the syndrome is the loss of a single protein, FMRP (Fragile X mental retardation protein). Many of the cognitive and behavioural features found in Fragile X individuals emerge during childhood and are associated with abnormal organization of cortical connections. However, although FMRP is expressed as early as embryogenesis, relatively little is known about its roles during development or how this may influence FXS phenotypes in adulthood. The present review focuses specifically on the evidence for the functions of FMRP during embryonic and early postnatal development. The current knowledge of the role of FMRP in FXS will be briefly summarized before addressing how alterations in the formation and refinement of neuronal connections and synaptic function that result from the loss of FMRP may in turn influence behaviours that are expressed during the first few postnatal weeks. I will then briefly highlight some outstanding questions about the developmental roles of FMRP and their possible relationship to symptoms found in adults with FXS.
The Fragile X mental retardation protein and Fragile X syndrome
The Fragile X clinical phenotype is associated with deficits in functions that rely on intact cortical processing, including developmental delay of motor and speech skills, heightened responses to sensory stimuli, and increased susceptibility to seizures in childhood [1] . Brain imaging studies in Fragile X individuals have identified abnormal sizes and connectivity of several cortical regions as well as differences in activity levels in areas of the frontal cortices that are recruited during cognitive tasks [2] . At a cellular level, microscopic analyses have revealed morphological changes in cortical neurons resulting from the loss of FMRP (Fragile X mental retardation protein) [3] , including an increased density of dendritic spines and an abundance of spines exhibiting immature morphologies. These morphological changes are thought to underlie cognitive deficits associated with the syndrome.
Although the mechanisms whereby loss of FMRP leads to cognitive or cellular changes are not fully understood, it is clear that FMRP is involved in multiple aspects of RNA metabolism. These functions include targeting of mRNAs to specific subcellular locales, e.g. synapses, and regulation of their stability and/or translation, often in response to glutamatergic signalling [4] . FMRP is predicted to specifically bind approx. 4% of the mRNAs found in the brain, many of which code for proteins that are involved in neuronal maturation and plasticity [5] .
A global Fmr1-knockout mouse [6] is the most widely studied preclinical model of FXS (Fragile X syndrome). Phys-ical and behavioural phenotyping of adult Fmr1-knockout mice has identified impairments that are comparable with clinical and pathological conditions in individuals with FXS [7] . This model of FXS has been instrumental in our understanding of the normal cellular functions of FMRP and its roles in different forms of synaptic plasticity and behaviour. Furthermore, recent studies suggesting that loss of FMRP leads to increased signalling through pathways activated by group 1 mGluRs (metabotropic glutamate receptors) raise the possibility of prospective therapeutic interventions in FXS using drugs that target these receptors [8] .
Behavioural correlates of FXS-related phenotypes at early postnatal ages
Several behavioural phenotypes in Fmr1-knockout mice model FXS symptoms that appear during childhood. For example, global Fmr1-knockout mice exhibit increased susceptibility to AGSs (audiogenic seizures) [9] [10] [11] [12] . AGS susceptibility in Fmr1-knockout mice reaches a peak around the third postnatal week and can be suppressed by transgenic expression of human FMRP [10] as well as by genetically or pharmacologically reducing signalling through group 1 mGluRs [11, 12] . Other Fragile X-related phenotypes in Fmr1-knockout mice include increased anxiety and hyperactivity, as well as abnormal hippocampus-dependent memory as early as 3 weeks of age [13] . Treatment of pups with a tetracycline derivative during this time significantly improves these behavioural abnormalities [13] .
The apparent suppression of early Fragile X-related phenotypes in the mouse is encouraging for the prospect of early therapeutic interventions to the disorder. However, although the symptoms of FXS first appear during childhood, it is not yet clear whether developmental changes that result from the loss of FMRP cause symptoms associated with the syndrome in adults, or whether the ongoing absence of FMRP is responsible. This distinction is important since intervention at early ages will be necessary to alleviate physiological and behavioural symptoms caused by the former mechanism, whereas therapies given at any developmental stage may be effective in the latter case. Models that recapitulate developmental phenotypes of FXS will be indispensable for distinguishing between these alternatives. Furthermore, it will be necessary to understand the cellular and molecular mechanisms whereby FMRP influences development, in particular, whether FMRP plays modulatory or instructive roles in these processes.
FMRP and early neural development
FMRP is expressed at times relevant for behavioural abnormalities identified in young Fmr1-knockout mice. FMR1 and FMRP are widely expressed throughout embryonic brain development [14] [15] [16] and peak levels of FMRP are reached at the end of the first postnatal week, with expression gradually declining thereafter [17, 18] . The subsynaptic localization of FMRP appears to be primarily postsynaptic in early postnatal rodent brain [19, 20] ; however, it is also located in a subset of presynaptic compartments [19, 21] .
Proliferation of precursor cells and the differentiation and migration of newly born neurons and glia in the embryo are essential to establish normal cortical architecture [22] . During early embryogenesis, FMRP is highly expressed in regions that contain progenitor cells and newly differentiated neurons [23, 24] . While the loss of FMRP does not appear to affect proliferation of progenitors [24] , studies using neural stem cell cultures suggest that the loss of FMRP leads to the production of more cells expressing neuronal lineage markers [24] . Consistent with this finding, more newly differentiated cells expressing glutamatergic markers are found in the infragranular layers of global Fmr1 knockouts during embryonic development [25] , a phenomenon that may underlie the increase in cell density of layer 5 neurons identified during the first postnatal week in mice lacking FMRP [25] . Together, these findings suggest that FMRP is important for the normal differentiation and migration of specific subpopulations of neocortical neurons. While loss of FMRP does not affect gross brain morphology [6] , it remains to be determined whether this increase in layer 5 cell density persists into maturity.
FMRP and the development of cortical circuits
Many of the cognitive and behavioural features in Fragile X individuals are associated with abnormal organization of neuronal connectivity. Several studies have found that while the absence of FMRP does not affect the strength of individual synaptic connections, it does affect circuit wiring by leading to a reduction in the probability of synaptic connections [26] [27] [28] [29] [30] . For example, layer 3 cells in S1 (the primary somatosensory cortex) of young Fmr1-knockout mice receive fewer glutamatergic inputs from L4 cells than controls [26] , and fast spiking interneurons in layer 4 are less likely to be innervated by neighbouring excitatory neurons in the absence of FMRP [27] . These phenotypes appear to be pathway specific, as the absence of FMRP does not affect connections between layer 5 and layer 3 cells in S1, or between neighbouring excitatory neurons in layer 4 [26, 27] .
Loss of FMRP also affects the development of axonal projections. The accuracy of axonal projections from layer 4 excitatory neurons to cortical layers 2/3 is decreased in Fmr1-knockout mice during the first 2 postnatal weeks [26] . Interestingly, this phenotype is specific to this projection and was indistinguishable from controls at later ages [26] , suggesting that the developmental delay of layer 4 projections to layer 2/3 may result from a defect in the mechanisms responsible for axon guidance and/or stabilization. Consistent with this possibility, loss of FMRP in cultured hippocampal neurons leads to decreased motility of the axonal growth cone [28] .
Together, these findings are consistent with a key role for FMRP in stabilizing synaptic connections, and the restricted nature of these connectivity phenotypes suggests that FMRP may have distinct roles in subsets of neurons. Interestingly, the synaptic connectivity phenotype from layer 4 to layer 2/3 of S1 probably represents a developmental delay as it is not detected in adolescents [26] , but the decrease in innervation of fast spiking interneurons by excitatory neurons in S1 microcircuits persists into adolescence [27] . The transience of the connectivity phenotype between layers 4 and 2/3 and persistence of the phenotype within layer 4 microcircuits into maturity suggest that FMRP has different roles depending on the cell types involved and the stage of development. A possible consequence of this is that some abnormalities in circuit wiring caused by the loss of FMRP may be reversible with treatments after development.
FMRP modulates synaptic structure and plasticity
In normal development, the process of synaptogenesis begins around the time of birth and increases during the first postnatal weeks. After synaptogenesis peaks, synaptic pruning begins, leaving useful connections intact while removing those that are redundant (reviewed in [31] ). Dendritic spine morphology also changes with age, with longer, thinner spines predominating initially and stubby or mushroom-shaped spines associated with maturation [31] .
The correlation of peak levels of FMRP expression with periods of synaptic formation, coupled with its localization to synaptic structures, suggests potential important roles for FMRP in the formation, maturation, stabilization and elimination of synapses. Consistent with this idea, loss of FMRP results in increased synaptic number and morphological differences during early postnatal development [13, 28, [32] [33] [34] [35] . The early increase in dendritic spine length and density in pyramidal cells of S1 of Fmr1-knockout mice appears to be developmentally regulated and is not detected in mice at 1 month of age [32, 33] . These findings suggest a role for FMRP in constraining synapse formation during early postnatal development, but the transience of the spine morphology phenotype in the absence of FMRP suggests that FMRP plays a modulatory role in this respect. This lends promise for potential therapeutic interventions to combat this specific Fragile X-related phenotype. Indeed, spine morphology phenotypes in developing neurons from Fmr1-knockout mice can be reversed by early administration of a tetracycline analogue [13] and increases in synapse number can be normalized by cell-autonomous FMRP expression [34] . Importantly, the abnormal morphology of dendritic spines in established synapses of cultured neurons from Fmr1-knockout mice can be corrected by acute application of mGluR5 antagonists [35] . Whether acute early therapeutic interventions will be sufficient to maintain the rescue of Fragile X-related synapse morphology phenotypes remains to be determined.
Once synaptic connections are established, modification of their strength may mediate memory storage [36] . Since FMRP is involved in regulating the translation of new proteins and the loss of FMRP is associated with abnormalities in the number and morphology of dendritic spines, FMRP is well disposed to influence a variety of forms of synaptic plasticity. At least two forms of cortical long-term potentiation that are models of sensory developmental plasticity are abrogated in young Fmr1-knockout mice [37, 38] . The loss of FMRP also affects expression of LTD (long-term depression), the persistent weakening of synaptic connections. LTD is enhanced in the hippocampus and cerebellum of Fmr1-knockout mice during the first three postnatal weeks [39, 40] and the enhancement of hippocampal LTD is suppressed by the genetic reduction of signalling through mGluR5 [12] . In contrast, LTD of synaptic connections between cortical layers 4 and 3 in response to sensory deprivation by whisker trimming during early postnatal development is absent from Fmr1-knockout mice [26] . This dissociation may reflect different mechanisms of expression of LTD: whereas group 1 mGluR-dependent LTD in the hippocampus requires de novo protein synthesis and is thought to have a postsynaptic mechanism of expression [41] , LTD of connections between cortical layers 4 and 3 has a presynaptic mechanism of expression that depends on endocannabinoid signalling and is thought to be protein synthesis independent [37, 42] .
Summary
The evidence reviewed here points to a variety of roles of FMRP during early postnatal development. Phenotypes related to connectivity and circuit function suggest that the loss of FMRP affects specific pathways and that FMRP has distinct roles in subsets of neurons. Furthermore, the transience of certain developmental phenotypes and the persistence of others into maturity raise the possibility that FMRP has different roles at distinct times in development.
It is apparent that the loss of FMRP has widespread effects on brain development, ranging from changes at the subcellular level to changes at the circuit level. Although it is not yet clear how differences at these levels tie together, one could propose two competing models whereby impairments in FMRP result in the FXS synaptopathy. The first possibility is that phenotypes related to FXS are a consequence of the modulatory role of FMRP and that impairments in its signalling result in the mis-regulation of the differentiation and maturation of pre-and post-synaptic elements, and the modification of synaptic strength. Collectively, disorganization of these processes could result in aberrant network activity and synaptic plasticity, and ultimately, behavioural and cognitive impairments. A second intriguing possibility is that the behavioural phenotypes exhibited by young Fmr1-knockout mice are a result of instructive roles of FMRP in establishing normal cortical architecture and influencing the wiring of neural circuits during early development. In this case, therapeutic intervention during early development, perhaps before birth, may be required for effective treatment. A better understanding of these different roles will be fundamental not only for establishing new targets for Fragile X interventions, but also for determining the appropriate timing of therapies.
